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877GABAergic Neurons:
Gate Masters of the Amygdala,
Mastered by Dopamine
A hyperdopaminergic state, such as stress, is asso-
ciated with an increase in affective behavior. In this is-
sue of Neuron, Marowsky and colleagues identify two
clusters of paracapsular intercalated GABA neurons
in amygdala slice preparations of GAD67-GFP mice.
These GABA neurons mediate inhibition from corticalafferents to both the major input and output station of
the amygdala, are inhibited during action of dopamine
viaD1 receptors, andare thus likely to represent impor-
tant cellular players during dopaminergic disinhibition
related to increased affective behavior.
Almost everybody has experienced a stressful or threat-
ening event that has influenced their emotional behav-
ior, in particular in relation to fear and anxiety. Accumu-
lating evidence indicates that inhibitory GABAergic
transmission in the amygdala and modulation through
the transmitter dopamine (DA) are critically involved in
this. First, the amygdala plays a central role in imbuing
sensory events with an affective value and transducing
it into behavioral responses via projections into relevant
brain regions (Maren and Quirk, 2004). Second, activity
of amygdaloid projection neurons is under inhibitory
control through GABAergic mechanisms (Royer et al.,
1999; Szinyei et al., 2000). Third, DA is increased under
stress in the amygdala (Inglis and Moghaddam, 1999)
and enhances amygdala-related behavior, most likely
through a reduction of inhibition (Rosenkranz and Grace,
1999). While this line of evidence seems straightforward,
there is a major caveat to this when it comes to correlat-
ing cellular effects of DA to behavioral outcome. Spe-
cifically, recordings from identified GABAergic inter-
neurons in the amygdala demonstrated a depolarizing
response to DA (Kro¨ner et al., 2005), which increased
rather than reduced inhibitory signals and which is diffi-
cult to reconcile with a disinhibitory effect of DA on
amygdala-related behavior.
In this issue of Neuron, Marowsky and colleagues
(Marowsky et al., 2005) present an elegant piece of
work in which they identify the cellular substrates of
DA-induced disinhibition in the amygdala. To do this,
they used mice described first by Tamamaki et al. (2003),
in which enhanced green fluorescent protein (EGFP)
is expressed under the control of the promoter for
GAD67, a key enzyme for GABA synthesis. The GAD67-
GFP mice display reliable GFP labeling of GABAergic
neurons, and they allowed Marowsky et al. to visualize
subsets of GABAergic neurons in slice preparations of
the amygdala in vitro. In a meticulous series of experi-
ments, the basic properties of GABA neurons, the synap-
tic connectivity and the responsiveness to DA, were
characterized through whole-cell recording from single
and synaptically connected pairs of neurons combined
with microstimulation. With the focus on the basolateral
amygdaloid complex (BLA), which comprises the major
afferent input station of the amygdala, two major popula-
tions of GABAergic neurons were discerned: ‘‘local’’
GABAergic interneurons scattered in the BLA, and para-
capsular intercalated cells (pcs) organized in two clus-
ters. One cluster of intercalated cells (the lateral sub-
division, lpc) is located along the external capsule. A
second cluster of intercalated cells (the medial subdivi-
sion, mpc) is located at the border between the BLA
and the central amygdaloid nucleus (CeA) and is thereby
situated between the major input and output station of
the amygdala. The lpcs, whose properties and connec-
tivity are described here for the first time, turned out to
make a most interesting contribution. Their properties in-
clude a small size, a poorly developed dendritic tree,
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878spike forms and patterns in between those of ‘‘classical’’
interneurons and projection neurons, and they lack the
calcium-binding protein and neuropeptide expression
typical of other types of GABAergic neurons in the amyg-
dala. Recording from lpcs-BLA cell pairs and afferent
input stimulation revealed that lpcs receive excitatory in-
put from cortex and lateral inhibition from other inter-
neurons and mediate feedforward inhibition to BLA pro-
jection neurons. Compared to feedforwardly connected
local BLA interneurons (Szinyei et al., 2000), the lpcs
seem to provide the dominant (70%) contribution to
overall feedforward inhibition. A further important mes-
sage is that the lpcs network functionally complements
that of the mpcs, with the former enabling feedforward
control of signal flow from cortex to the BLA, and the lat-
ter providing a feedforward inhibitory gate for signals be-
tween the BLA and the central amygdala (Royer et al.,
1999). Altogether, available data now allow us to con-
struct a GABAergic network architecture in which pow-
erful inhibitory feedforward systems control the signal
flow at the entry and the exit of the amygdala and in
which prominent inhibitory influences are associated
with cortical input pathways (Figure 1). Future studies
are needed to unravel more detailed aspects of the net-
work. Some open questions remain: Are lpcs topograph-
ically organized within a functional interface for specific
gating of cortical afferent impulse traffic, as mpcs are
between the BLA and CeA (Royer et al., 1999)? Will
lpcs couple via BLA neurons to the mpcs, thereby form-
ing a disinhibitory synaptic loop between cortical inputs
and the output of the amygdala? Are lpcs equipped with
specific sets of membrane channels enabling them to
control surrounding networks, for instance through bi-
stable behavior as in mpcs (Royer et al., 2000)? More
specifically, can GABAergic signals function as time
windows enabling theta synchronization in amygdalo-
hippocampal networks during conditioned fear behavior
(Seidenbecher et al., 2003), and to what extent are the
different subsets of GABAergic neurons involved in the
plasticity of GABAergic synaptic transmission (Bauer
and LeDoux, 2004)?
For the time being, further exciting news from the Mar-
owsky et al. paper is that the different subsets of GABA
neurons in the amygdala show qualitatively different re-
sponses to DA. Both lpcs and mpcs clusters are packed
with tyrosine hydroxylase positive plexus, indicating
a dense dopaminergic innervation. Therefore, it does
not come as a surprise that both mpcs and lpcs neurons
respond vigorously to application of DA. The unex-
pected finding was that pcs neurons show a depressant
response to DA, thereby sharply contrasting with the
excitatory dopaminergic response in local GABAergic
interneurons and projection neurons (Kro¨ner et al.,
2005). More specifically, DA evokes a membrane hyper-
polarization associated with a decrease in input resis-
tance and a marked drop in spike firing in pcs. These
responses are mediated via the D1 subtype of DA recep-
tors, coupled via a G protein to activation of an inwardly
rectifying K+ channel of the GIRK 1/4 subtype. In an im-
portant experimental step, Marowsky and colleagues
went on to verify the functional significance of DA action
in the synaptic network. Paired recordings from lpcs
and BLA neurons, and recordings of evoked synaptic
responses in pcs target neurons in the BLA and CeArevealed that DA via D1 receptors strongly reduces the
excitability and GABAergic output of the pcs system,
thereby relieving feedforward inhibition to the BLA and
the CeA. In the case of mpcs, but not lpcs, a concomitant
decrease was observed at the excitatory cortical input.
The consequence for network activity is a strong shift
in the synaptic balance toward excitation in both the
major input (BLA) and the output station (CeA) of the
amygdala (Figure 1). This overall disinhibition will be
boosted by the depolarizing action of DA on BLA projec-
tion neurons (via a D1 receptor-mediated decrease in K+
conductance) and the decrease in GABA release from
local interneurons, whereas the D1 and D2 mediated in-
crease in excitability of local GABA neurons can be as-
sumed to limit excessive excitation in local networks
(Figure 1; Bissie`re et al., 2003; Kro¨ner et al., 2005). The
mutual interconnections of lpcs and mpcs may provide
a further target of DA modulation, similar to the situation
in local GABA neurons (Bissie`re et al., 2003).
The overall message is that conditions under which
DA is increasingly released will gate the signal flow
through the amygdala by an increase in excitability at
both the entry and the exit gate. This disinhibitory effect
is most heavily linked to the cortical input system acting
on pcs. However, the role of subcortical thalamic input
signals to the amygdala remains largely unknown in
this scenario. Their potential contribution is suggested
by previous findings indicating that synaptic responses
to thalamic inputs are long-term potentiated in relation
to conditioned fear behavior (Maren and Quirk, 2004)
and during DA-mediated suppression of local interneu-
ronal activity (Bissie`re et al., 2003), and feedforward
GABA interneurons receive input from both thalamic
and cortical fibers (Szinyei et al., 2000). In any case,
a hallmark feature of the pcs is their innervation from
the medial prefrontal cortex (mPFC), which has been
demonstrated by both anatomical and physiologic stud-
ies (for the mpcs, but not yet for the lpcs). Much data
Figure 1. Dopaminergic Modulation of Feedforward Inhibitory Cir-
cuits in the Amygdala
BLA and CeA indicate the basolateral and central amygdaloid nu-
cleus, respectively; LPC and MPC represent lateral and medial para-
capsular intercalated GABAergic neurons; D1 and D2 denote dopa-
mine receptor subtypes; up and down arrows denote increase and
decrease in activity.
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879implicate PFC-amygdala interactions in the regulation of
affective behaviors. This is evident, for instance, when
stressful situations lead to increased fear reactions, or
when fear memories are extinguished. How might the
mPFC participate in both an increase in fear behavior
and an extinction of fear memories? One important tar-
get is GABAergic inhibition in the amygdala. Stress at-
tenuates GABAergic inhibition in the BLA and facilitates
fear memory (Manzanares et al., 2005), increases DA
levels (Inglis and Moghaddam, 1999), and produces dis-
inhibition in the CeA similar to the effect of severing
mPFC inputs (Correll et al., 2005). The likely candidate
for mediating this effect is the pcs system. Extinction
of fear memories, on the other hand, involves activity
in the mPFC, which shows in the amygdala as inhibition
of CeA output neurons (Quirk et al., 2003). The influence
of the mPFC likely involves activation of feedforward
GABAergic neurons, because the direct mPFC-CeA pro-
jection is sparse and the mPFC-BLA connection is of
an excitatory nature (Likhtik et al., 2005). Again, the
GABAergic pcs system is the likely candidate for medi-
ating this effect.
In conclusion, the study by Marowsky and coworkers
suggests a simple resolution for the paradoxical result
that DA is disinhibitory in the amygdala in vivo and yet
excites local GABAergic neurons: the GABAergic pcs
system is inhibited while local GABAergic neurons are
excited by DA. The result breaks new grounds in our un-
derstanding of DA-mediated disinhibition in the amyg-
dala related to cortical input systems, but also points
to some challenges inherent in attempting to relate cel-
lular mechanisms to behavior. Within any given network,
the effect of synaptic transmission will depend on a host
of factors, including the detailed connectivity, the tem-
poral sequence and plasticity at individual synapses,
the signal patterns at the input and output stations,
and the adaptations that occur in response to the indi-
vidual behavior. Future studies are therefore needed to
explore the functional impact of the pcs system and re-
lated synaptic networks for the modulation of affective
behaviors. One important issue relates to the influence
of the hippocampus, given the hippocampal contribu-
tion to contextual affective memory and the context
dependence of extinction (Maren and Quirk, 2004). It
will also be important to track abnormal interactions
between the mPFC and the amygdala, which have
been implicated in a number of psychiatric disorders, in-
cluding posttraumatic stress disorders, depression, and
schizophrenia. The work of Marowsky and colleagues
prepares the ground for such studies.
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